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Nanocrystals (NCs) of Group IV semiconductor materials, such 
as silicon and germanium (Ge), have been of tremendous 
fundamental and technological interest since the observation of 
photoluminescence (PL) from quantum-confined silicon. 1 The 
narrow band gap of bulk Ge (0.67 ev) renders Ge NCs 
particularly interesting as low-toxicity replacements for infrared 
(IR) III-V and IV-VI NCs in applications such as light-emitting 
diodes and solar cells, and as biolabels at tissue-transparent 
wavelengths (700-1100 nm). Observations ofiR PL from Ge NCs 
fabricated by physical methods2.3 are promising, but these 
methods are expensive, unscalable, and produce matrix- or 
substrate-bound NCs, which limits the scope of potential 
application. Colloidal synthesis is an effective methodology for 
the scalable production of high-quality, solution-processible NCs 
of numerous semiconductor, especially I1_V1,4 IV-VI5 and III-YO 
materials. However, NCs of Group IV semiconductors have 
proven to be much more difficult to synthesize colloidally, which 
has been attributed to the high crystallization temperatures of 
these materials due to strong covalent bonding.7 In fact, among 
numerous published accounts of colloidal pathways to Ge NCs 8

14 fine control over size and crystallinity in one step remains 
difficult, and IR PL has never been observed. 

Here, we report the first colloidal synthesis of IR-emitting Ge 
NCs, with PL quantum yields as high as - 8%. NC size ranged 
from 3.2 ± 0.4 nm to 6.4 ± 1.9 nm in diameter by TEM (Figure 
IA). PL peak wavelength increased with NC size from 900-1400 
run (Figure I B), in accordance with expectations of quantum 
confinement effects, although emission from larger NCs (> 4.5 
nm) was much weaker in intensity. 

A typical synthesis of 4 nm NCs is described as follows: under 
inert atmosphere, GeI2 (0.2 g, 0.6 mmol) is dissolved in 
hexadecylamine (HDA, 3 g) in a 50-mL three-neck round-bottom 
Oask by heating to 200°C. N-butyllithium (0.8 mL of a 1.6 M 
hexane solution) diluted with 3 mL l-octadecene (ODE) is then 
injected, and the reaction mixture is further heated to 300°C. 
After I hour, the heat source is removed and the reaction is 
allowed to cool. At -100°C, the reaction product is transferred to 
a centrifuge tube. The NCs are precipitated by adding an equal 
volume of methanol, and the mixture is centrifuged. After 
discarding the supernatant, the precipitate is redissolved in a non
polar solvent (hexane, toluene, or chloroform). Residual HDA is 
removed by repeating the precipitation/resuspension procedure 
using a mixture of acetone and methanol 4 times. Larger NCs 
were produced by increasing the concentrations of all precursors 
(e.g. five-fold for 6.4 nm NCs). Interestingly, smaller NCs were 
produced when the reaction and purification steps were performed 
under ambient conditions. Regardless of whether this is due to 
reduced reactivity of the precursors or to an oxygen-driven in situ 
etching, particles in all cases are found to be highly crystalline 
cubic Ge by a combination of powder X-ray diffraction, energy 
dispersive X-ray spectroscopy, and high-resolution TEM (Figure 
1A inset), with no evidence of residual Ge oxides. 
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Figure I. (A) TEM images of Ge NCs (4.0±1.7 run) whose PL peak 
centers. at 1160. nm (blue curve in Figure IB). Inset shows high
resolution TEM Image of a smgle Ge NC. The lattice spacing, measured 
Iby taking fast Fourier transform of the image, matches the (III) d
spacmg of cubiC Ge. (B) Normalized PL spectra of ODE-capped Ge 
NCs at room temperature. Green curve shows PL (not normalized) of 
TOP-capped Ge Nes (38±0.8 nm). 

The effects of other reaction variables, including solvents, 
reducing agents, and capping Ligands, on NC stability and PL 
were also examined. Gel2 was most readily soluble in HDA; 
limited solubility ultimately hampered reactions attempted in 
other solvents [trioctylamine, dioxane, ODE, and 
trioctylphosphine (TOP)]. Likewise, the use of the poorly-soluble 
reducing agent LiA~, instead of the solubJe and more reactive 
n-butyllithium, resulted in low-quality NCs with poor solubility. 
Surprisingly, the addition of ODE as a ligand, rather than as 
solvent, was found to have the most dramatic effect on the quality 
of the product NCs. Addition of ODE at 200 °C improved the PL 
quantum yield of the Nes, re lative to, e.g. , TOP-capped Nes 
similar to those published in Ref. 12 (Figure I B). 

TOP-capped and ODE-capped NCs also show a significant 
,difference in their susceptibility towards oxidation. This is 
demonstrated starkly in Figure 2A, in which hexane solutions of 
TOP-capped and ODE-capped NCs were stirred in the presence of 
equal amounts of water. Although germanium is highly sensitive 
to oxidation upon exposure to air and moisture, the ODE
passivated sample remains distinctly brown, indicating the 
presence of Ge NCs, for 3-4 weeks until the solution gradually 
fades to light brown. In contrast, the TOP-capped solution loses 
all color within 72 hours, indicating that the NCs were oxidized 
into water-soluble germanium oxides. 15.16 In addition, the PL of 
ODE-capped NCs remained largely unchanged after 72 hours 
agitation in water, although over longer time periods (- I month), 
a blue-shift of up to 100 me V was observed. 

The enhanced qualities of ODE-capped Ge Nes can be 
understood in terms of the effectiveness of organic passivation of 
the NC surfaces. Strongly bound ligands can confer greater 
resistance towards oxidation and particle aggregation, and can 
enhance PL efficiency by saturating chemically undercoordinated 
"trap" sites. In this study, the enhanced· PL and stability are likely 
due to the formation of strong, covalent Ge-C bonds, evidence of 
which can be found in the FTiR spectra (Figure 2B). The lack of 
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Figure 2. (A) Mixtures of TOP- (left) and ODE-capped (right) Ge NC 
hexane solutions and water before (top) and after (bottom) 72 hours of 
stirring. The TOP-capped NCs fade to pale yellow after mixing, whereas 
ODE-capped NCs stay nearly the same color. (8) FT-IR spectra of films 
from TOP-capped (upper) and ODE-capped (lower) NCs. 

characteristic I-alkene peaks (at -900, -1000, -1620 and 
immediately higher than 3000 cm- I

) and the appearance of a sharp 
Ge-C stretch peak at 700 cm- I are indicative of the reaction of 
ODE with Ge NC surfaces in a manner similar to that known for 
l-alkenes. 17,18 A similar reaction has been observed between 
silicon (Si) NCs and a1kenes, yielding strong Si-C bonds which 
help reduce surface oxidation, enhancing chemical and optical 
stability of the NCs. 19,2o Further evidence of the effectiveness of 
this passivation in Ge NCs can also be found in Figure 28. After 
5 months under ambient conditions, spectra of TOP-capped NCs 
feature a strong, broad band at 840 cm- I not found for ODE
capped NCs, which can be attributed to Ge-O bonds. This 
implies that Ge-C bond formation enhances the resistance of Ge 
NCs towards oxidation. 

As with PL, the energy of the absorption onset of these Ge NCs 
decreases with increasing size (Figure 3A). Further, size selected 
particles from a single batch also showed predicted behavior: 
larger NCs precipitated out first showed lower PL energy than 
those which remained in supernatant after partial precipitation, as 
expected. For all samples, PL and absorption onset energy 
(Figure 3A inset and 38) were in close proximity, which implies 
that the emission is likely from the band-edge transition. In fact, 
the observed size-dependence trend of these features is simi lar to 
that predicted for quantum-confi~ed particles by a simple 
particle-in-a-box model, with exact values similar to those 
predicted by more sophisticated tight-binding ca1culations21 

(Figure 38). 
A few samples from this study also show weak (quantum 

yields typically 1-2 orders of magnitude lower than that of IR 
emission) PL peaks from the visible to UV range (550 to 350 run), 
together with IR PL. Several research groups have reported 
visible luminescence from Ge NCs,8.lo,22-24 which has often been 
attributed to quantum-confined, band-edge emission. Despite the 
size dependence of visible PL claimed by some groups,9,22 the 
variation in emission wavelength with size across multiple 
reports, taken as a whole, is very weak. In the present study, we 
find no consistent size dependence of the occasionally observed 
visible emission. We suggest that this higher-energy emission, in 
this and previous studies, is likely due to the presence of 
undetected GeO. species.25 

In summary, we synthesized the first colloidal Ge nanocrystals 
exhibiting IR PL. The consistent agreement between the energy 
of the absorption onset and the PL peak suggests that the IR 
emission comes from a band-edge transition, in contrast to earlier 
reports of band-edge emission at much higher energies. We 
contend that this IR PL is now observable because of the highly 
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Figure 3. Size·dependent optical properties of ODE-capped Ge 
nanocrystals. (A) Absorbance spectra of Ge NCs with different average 
particle sizes. Log of absorbance is shown to highlight the relatively 
weak onset, due to the indirect-gap character of the Ge band-edge 
transition. Inset shows PL and absorption spectra taken from the 3.9 nm 
sample. (8) PL peak positions (solid) and absorption onsets (open) from 
solutions of Ge NCs of different particle sizes. Solid and dashed lines 
are taken from Ref. 2 I and particle-in-a-box model, respectively. 

effective passivation by ODE, which also stabilizes the NC 
surfaces against oxidation. We are currently investigating whether 
the reaction between alkenes and the Ge surface can be enhanced 
to further improve emission and chemical stability. In addition, 
systematic studies of carrier dynamics to unveil the origin of PL 
and the effect of confinement on Ge electronic properties are 
underway, 
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In this study, we synthesized Ge nanocrystals and studied ~he effects of variables such as solvents, 
reducing agents, reaction temperature, and capping ligands. The resulting nanocrystals showed 
infrared photoluminescence with quantum yields as high as -8%, and enhanced resistance to 
oxidation. Size analysis of the samples by transmission electron microscopy revealed that the size 
dependence of the emission is consistent with the effects of quantum confinement. 


